ABSTRACT: Subacromial impingement of the rotator cuff is understood as a contributing factor in the development of rotator cuff tendinopathy. However, changes that occur in the impinged tendon are poorly understood and warrant further study. To enable further study of rotator cuff tendinopathy, we performed a controlled laboratory study to determine feasibility and baseline characteristics of a new murine model for subacromial impingement. This model involves surgically inserting a microvascular clip into the subacromial space in adult C57Bl/6 mice. Along with a sham surgery arm, 90 study animals were distributed among time point groups for sacrifice up to 6 weeks. All animals underwent bilateral surgery (total N ¼ 180). Biomechanical, histologic, and molecular analyses were performed to identify and quantify the progression of changes in the supraspinatus tendon. Decreases in failure force and stiffness were found in impinged tendon specimens compared to sham and no-surgery controls at all study time points. Semi-quantitative scoring of histologic specimens demonstrated significant, persistent tendinopathic changes over 6 weeks. Quantitative real-time polymerase chain reaction analysis of impinged tendon specimens demonstrated persistently increased expression of genes related to matrix remodeling, inflammation, and tendon development. Overall, this novel murine subacromial impingement model creates changes consistent with acute tendonitis, which may mimic the early stages of rotator cuff tendinopathy. A robust, simple, and reproducible animal model of rotator cuff tendinopathy is a valuable research tool to allow further studies of cellular and molecular mechanisms and evaluation of therapeutic interventions in rotator cuff tendinopathy. ß
Accounting for more than 1 million physician visits per year, rotator cuff tendinopathy is the most common pathological entity affecting the shoulder. 1 Clinically, rotator cuff tendinopathy can result in pain, decreased range of motion, and weakness of the shoulder, especially with overhead activity. 2 Symptoms can worsen over time and persist for years without significant improvement. 3, 4 As a result, rotator cuff tendinopathy remains a key area of clinical and basic science research in sports medicine.
Subacromial impingement is recognized as part of the constellation of mechanisms contributing to rotator cuff tendinopathy. Following Neer and Bigliani's description of the pathogenic mechanism in the 1970s-1980s, 5, 6 the degree to which direct mechanical impingement of the acromion on the greater tuberosity and rotator cuff tendon contributes to rotator cuff disease remains unclear. Currently, the etiology of rotator cuff tendinopathy is thought to be a combination of age-related biological changes in tendon, tendon overuse (intrinsic damage), and impingement (extrinsic damage), culminating in a failed healing response with accumulation of adverse changes in tendon microstructure and composition. 2, 7 The concept that rotator cuff tendinopathy is a progressive phenomenon that begins with subclinical microscopic tendon matrix injury that can progress to clinically significant damage remains essentially unchanged since it was first described by Neer in 1983. 3, [7] [8] [9] [10] Though early histologic studies have allowed surgeons to gain some insight into the progression of disease, 9, [11] [12] [13] the exact biological and biomechanical mechanisms leading to clinically significant tendinopathy remain poorly defined. Research on the biological underpinnings of tendinopathy has been hampered by the fact that tendinopathy does not readily occur in commonly used small experimental animals. 14, 15 Furthermore, human biopsies from the early stages of tendinopathy are generally not available due to the subclinical nature of the condition and the non-surgical treatment of patients at this stage.
The purpose of this study was to develop a surgical method for inducing subacromial impingement in the mouse shoulder to create a simple and consistent animal model for rotator cuff tendinopathy. We hypothesized that surgical placement of a titanium microvascular clip in the subacromial space would create consistent mechanical impingement on the supraspinatus tendon, so as to create persistent histologic, biomechanical, radiographic, and molecular characteristics of clinical tendinopathy seen in humans. Though a rat model for subacromial impingement exists in literature, 16 a mouse model affords investigators the ability to study molecular mechanisms due to the availability of transgenic mouse strains. Ultimately, we aimed to create a reproducible surgical model that permits further study into the biological mechanisms and treatment strategies of rotator cuff tendinopathy. 
METHODS

Study Design
This study was performed under ethical approval of the Institutional Animal Care and Use Committee. Cadaveric animals were used to develop the surgical procedure. Prior to performing the full study, a pilot study employing 14 live male wild-type C57Bl/6 mice (Jackson Labs, Bar Harbor, ME) was conducted with qualitative histological analysis over a 6-week period to ensure reproducibility of subacromial impingement and the development and maintenance of visible rotator cuff pathology. High resolution radiographs were made up to 6-week postoperative to confirm maintenance of the position of the impingement device between the acromion and rotator cuff (Fig. 1) .
For the main study, an additional 90 12-week-old male pathogen-free wild-type C57Bl/6 mice (Jackson Labs) were included. Experimental group sizes were established based on a power analysis using the pilot study data prior to study initiation (see Statistical Analysis section). All animals underwent one of three procedures: bilateral surgical clip placement to induce rotator cuff impingement ("impingement" group), bilateral sham procedure which involved surgical dissection and passage of a suture loop through the subacromial space without implantation of surgical materials ("sham" group), or no surgery with routine in-cage activity only ("control" group). Both shoulder specimens in each animal were used to minimize animal numbers, but was done under assumption that left and right shoulders are independent specimen. To counterbalance this, the same procedure was applied to both shoulders of each study animal to minimize confounding of findings between the procedure group and controls. All animals were returned to normal cage activity following surgery in specific pathogenfree caging with standardized caging amenities (feed, bedding, and water). Based on a priori analysis, animals were assigned to experimental groups as follows: 32 animals were assigned to histology (for 7, 28, and 42 day sacrifice), 24 to biomechanics (for 0, 14, 21, 28, and 42 day sacrifice), and 34 to quantitative reverse transcription polymerase chain reaction (qPCR) analysis (for 5, 10, 14, 21, 28, 35, and 42 day sacrifice). Some time points were excluded in the un-operated control groups, as our prior experience with mouse supraspinatus tendon has demonstrated essentially no tendency of native tendons to undergo tendinopathic changes under regular activity levels. Bilateral shoulders were analyzed as separate specimens, so these 90 animals resulted in a total of 180 specimens that were divided among pre-determined study groups. Detailed distribution of animal specimens is shown in Figure 2 .
Surgical Procedure
Anesthetic induction and maintenance were performed using 2% isoflurane in high-flow oxygen on a custom surgical stage (Supplemental video S1). After sterile preparation of the forelimb, a 5 mm longitudinal incision was made over the acromioclavicular joint in the coronal plane. Skin flaps were mobilized by blunt dissection until the AC junction and deltoid muscle were identified. A 5/0 Ethibond suture with a non-cutting needle (Ethicon, Somerville, NJ) was used to develop the subacromial space for clip entry. The needle was then passed through the developed space, first posteroanteriorly and then antero-posteriorly, to create an anterior suture loop. A microvascular clip (GEM Superfine, Synovis, Birmingham, AL) was attached to this suture loop along with a free Ethibond suture. The clip was then shuttled into the subacromial space. The suture ends were tied over the top of the acromion in a crossing fashion to ensure fixation to the AC arch. Care was taken in leaving deltoid muscle attachments intact to prevent lateral migration of the clip. The incision was then closed in a standard fashion using 4-0 Nylon suture (Ethicon). Routine buprenorphine analgesia was provided daily for the 72-h postoperative period for all animals undergoing a surgical procedure, and all surgical animals were returned to cage activity until time of sacrifice.
Biomechanical Analysis
Biomechanical testing was performed using a method previously described. 17 All specimens underwent a single freezethaw cycle at À80˚C. At the time of biomechanical testing, shoulder specimens were carefully dissected under 2.5Â loupe magnification to isolate the supraspinatus muscle, tendon, and the humerus from all surrounding tissue and surgical implants. The humerus was potted in Bondo Lightweight Filler 265 (3M, St. Paul, MN) in 2.0 ml cryogenic tubes (VWR, Bridgeport, NJ). Dimensional measurements of the tendon were performed using a measurement caliper under magnification. Muscle tissue was then scraped from the supraspinatus tendon using a scalpel and suture material used for clip fixation was removed. The tendon was flattened and placed in a custom serrated clamp and EVALUATING THE ROLE OF SUBACROMIAL IMPINGEMENT immobilized using sandpaper and cyanoacrylate glue (Krazy glue, Elmer's Products, Columbus, OH). A custom-designed materials testing system (MTS) was used to measure tendon failure force. The specimen was placed into the MTS to allow uniaxial tensile testing at a 60-degree abduction angle to approximate the anatomical positioning of the supraspinatus tendon. The specimen was loaded to failure at a rate of 1 mm/min without preload. Load-to-failure data were recorded, and stiffness was calculated from the load-deformation curves using Microsoft Office Excel (Microsoft, Redmond, WA). The linear region of the load-deformation curve used for stiffness calculation was defined manually as the region encompassing the inflection point that occurs after the toe region but prior to the yield point. The site of tendon failure was also recorded, with the hypothesis that impinged specimens would fail more frequently at the site of impingement. Statistical comparisons of means were made between each time point and between treatment groups.
Histologic Analysis
For histologic analysis, forequarter amputations were performed after animal sacrifice. The specimens were fixed in 10% neutral buffered formalin for 24 h and decalcified with Immunocal (Decal, Congers, NY). Prior to embedding in paraffin, specimens were sectioned in the coronal plane to remove the surgical clip and grossly trim to just anterior to the supraspinatus tendon. After paraffin embedding, the tissues were sectioned to 5 mm, de-waxed and rehydrated. Sections capturing a coronal view of the supraspinatus tendon, musculotendinous junction, and muscle complex were distributed to undergo four stains: hematoxylin and eosin (H&E), picrosirius red, factor VIII immunohistochemistry, and Alcian blue. For factor VIII immunohistochemistry, sections were blocked with 1% serum for 10 min at room temperature, and antigen retrieval was performed by incubating sections in trypsin for 15 min at 37˚C. Sections were then incubated with the primary antibody (Factor VIII antibody, clone A0082, Dako Agilent Pathology Solutions, Santa Clara, CA). Visualization was achieved using the LSAB2 Universal Kit and the Liquid DABþ Substrate Chromogen System (Dako Agilent Pathology Solutions).
Imaging of histologic tissue was performed using brightfield (for H&E, Factor VIII, and Alcian blue stains) and polarized-light microscopy (for picrosirius red stain) on a Nikon E800 microscope (Nikon, Melville, NY). A linear and a quarter-wave polarizer were positioned at 45-degrees, and the long axis of the tendon was adjusted to create maximum birefringence of the aligned tendon while maintaining the illumination parameters and light intensity constant. Images of all stained sections were obtained at 100Â magnification and digitally merged to form mosaics covering all related anatomical structures (acromion, supraspinatus muscle-tendon complex, humeral head) using Photoshop Photomerge (Reposition only with blending; Adobe Systems, San Jose, CA).
For semi-quantitative scoring, we developed a modified Bonar score using existing human tissue literature with adjustment for use in mouse tissue (Supplemental Table S1 and Fig. S1 ). [18] [19] [20] To our knowledge, no such grading schemes exist for use in mouse rotator cuff tissue. Adjustment of the scoring scheme was required due to the increased cellularity and smaller dimensions of native mouse tendons compared to those of humans. Field of views used for histologic scoring were defined along the length of the supraspinatus tendon-anatomically landmarked on the histology section medially by the musculotendinous junction and distally by lateral border of the acromion. Scoring was performed by two blinded reviewers using de-identified cropped histology images of tendon specimens. Major discrepancies of !2 points in any Bonar sub-category were resolved by a third reviewer and by consensus. Interrater reliability (IRR) and Cohen's Kappa (k) were calculated to assess grading reliability of the modified Bonar score.
qPCR Analysis
Following sacrifice at predetermined time points, bilateral supraspinatus tendons were isolated under a dissecting microscope and immediately immersed in RNAlater (ThermoFisher, Waltham, MA), and stored at À80˚C until RNA isolation. Supraspinatus muscle specimens were also isolated in the same manner. Total specimen RNA was isolated by disposable pellet pestle homogenization (VWR, Radnor, PA) followed by TriZol extraction (RNeasy Fibrous Mini Kit, Qiagen, Hilden, Germany). Whole-specimen cDNA was then prepared from 50 ng of RNA. qPCR was performed on the CFX96 Touch Real-Time PCR Detection System (Bio-Rad, Hercules, CA) using SsoAdvanced SYBR green reporter (BioRad) with mouse-specific primers for 12 genes: Aggrecan (ACAN), Collagen1a1 (COL1), Collagen3a1 (COL3), FABP4, Mohawk (MHX), Matrix metalloproteinases (MMP)-3, À13 and À14, RUNX2, Scleraxis (Scx), SOX9, and tenomodulin (TNMD). FABP4 was measured in muscle specimens to test for fatty infiltration, as FABP4 is a potential regulator of fatty infiltration in muscle after rotator cuff tear in mice. 21 All amplification data was normalized to GAPDH housekeeping gene and quantified using the DCT method.
The PCR data was used to test our hypothesis that tendinopathic markers would be upregulated relative to control, and that gene expression changes would persist for the duration of study, suggesting sustained tendon impingement from the surgical clip.
Statistical Analysis
Graphs were plotted using Prism 6 using means AE standard error of the mean (SEM). Statistical significance was defined as p < 0.05.
A power analysis was performed to calculate sample size. Biomechanical data was used for the power analysis as it is the primary outcome for this study. Using results from a prior study on mouse supraspinatus tendon reconstruction (unpublished data), we estimated the native rotator cuff failure force as 4.12 AE 0.94 (sd). We conservatively estimated the expected treatment effect size to be 25%-less than that seen in supraspinatus tendon reconstruction (30%). One additional animal was also included in each group to account for surgical loss, resulting in a total of eight animals per study group.
RESULTS
Macroscopic Tendon Changes Consistent With Subacromial Impingement
Gross inspection of the supraspinatus tendon at the 2-week time point and onward revealed hazy discoloration of the supraspinatus tendon tissue compared to sham controls. The tendon was thickened and there was fibrous connective tissue in the interval between the acromion and the underlying tendon. No spontaneous tendon rupture was noted at any time point.
Microvascular Clip-Induced Tendinopathy Leads to Significant Biomechanical Attenuation of Affected Tendons
Biomechanical evaluation demonstrated decreases in supraspinatus tendon failure force and tissue stiffness at all time points compared to intact and sham groups (Fig. 3) . A sustained >50% decrease in load to failure was seen up to 42 days postoperatively. Though tendon tissue stiffness progressively decreased up to 28 days postoperatively, by 42 weeks stiffness had recovered toward baseline levels. The cause for the recovery in tissue stiffness is unclear as there were no major changes in histological findings between 28 and 42 days, though it is possible that resolution of the acute inflammatory phase and progressive fibrosis create a stiffer, but still weak, tendon tissue during later time points of the study. The primary failure site was at the mid-tendon substance in the impingement groups (93% of all specimens), while this failure mode was seen in only 14% of the intact group and 25% of the sham group. The primary failure mode in the intact and sham groups was by tendon avulsion from the enthesis.
Subacromial Impingement Results in Persistent Histologic Tendinopathic Changes
Qualitative histology demonstrated collagen disorganization and ground substance deposition in the impinged tendons (Fig. 4) . Extensive cellular infiltration surrounding the surgical clip was seen at 7 days, consistent with an acute inflammatory response, followed by deposition of newly-formed fibrous connective tissue by the final study time point at 6 weeks. The musculotendinous junction and enthesis were largely spared from injury. No appreciable fatty infiltration of the supraspinatus muscle was found.
Semi-quantitative histological analysis demonstrated a pronounced and sustained increase in all Bonar score domains as compared to in-cage control (Fig. 5) . Since Bonar subscores depict major hall- EVALUATING THE ROLE OF SUBACROMIAL IMPINGEMENT marks of tendinopathy, persistent tendinopathic changes can be achieved for at least 6 weeks postoperatively using this subacromial impingement method. Overall IRR was 0.68 and Cohen's Kappa (k) was 0.53 for the histologic analyses, reliability values which are comparable to prior literature. 18 Subscore discrepancy between reviewers of !2 points was minimal, occurring in only 1.4% of all specimens scored.
Impingement Causes Persistent Changes in Tendon Gene Expression Profiles of Affected Tendons
Though gene expression trends exhibited high variability within experimental groups, some generalized observations can be made. However, the biological relevance of the upregulation of genetic expression in Figure 4 . Microvascular clip-induced subacromial impingement results in tendinopathy of the supraspinatus tendon. Wide-field view (left) shows the sagittal-oriented shoulder anatomy of a representative in-cage control specimen and a representative 28-day postsurgery impingement specimen. The dotted line approximates the location of the surgically-placed microvascular clip that was removed prior to sectioning. Black squares depict location of magnified insets (10Â) of various stains used in semi-quantified scoring. Bright field image capture was used for H&E (hematoxylin and eosin), Factor VIII immunostain, and Alcian Blue. Polarized light microscopy was used for Picrosirius Red. M, supraspinatus muscle; MTJ, musculotendinous junction; T, supraspinatus tendon; HH, humeral head; A, acromion; G, glenoid. Scale bar depicts 100 mm. Figure 5 . Semi-quantitative histology scoring demonstrates persistent tendinopathic changes in impinged tendons. Scoring of histology specimens was performed using a modified Bonar scoring scheme (Supplementary Table S1 and Figure S1 ). Each domain was scored from 0 to 3 and the sum of five domains complete the total Bonar score out of 15. Comparisons were made to the 42-day in-cage control group using one-tailed Mann-Whitney test. ‡, p < 0.05. Error bars depict SEM. this study is difficult to assess due to the whole-tissue nature of the qPCR assay. The assay captures the gene expression and cellular composition profiles of infiltrating cells including polynuclear neutrophils, macrophages, and lymphocytes in addition to native tenocytes and resident cells of the connective tissues. This can result in high variability in specimen-to-specimen gene expression profiles, making statistical significance difficult to consistently achieve. Therefore, these qPCR results can only provide preliminary observations about the gene expression in the impinged tendons.
First, impinged tendon tissue demonstrated increased expression of genes involved in tissue repair (Aggrecan, collagen I and III), with a peak at approximately 2 weeks following induction of impingement ( Fig. 6a and b) . Second, all measured genes remained higher in expression compared to shams at 6 weeks, suggesting persistent changes due to clip-induced impingement. There was also higher expression of the tissue remodeling markers MMP 3, 13, and 14 compared to sham and controls at 5-6 weeks, supporting the observation that tendon injury persists beyond this point. Third, expression of SOX9 (chondrogenic marker) remained elevated at all time points (though statistical significance was not always achieved), supporting the histologic observation that tissue metaplasia, a hallmark of tendinopathic changes, had occurred. There were no significant changes in FABP4 gene expression in tendon. FABP4 expression in muscle was not increased compared to sham (Fig. S2) , supporting the absence of muscle fatty infiltration based upon histologic inspection. It is plausible that muscle fatty infiltration seen in clinical chronic rotator cuff disease either does not readily occur in our mouse model, or that a longer time point would be required for fatty infiltration to develop.
DISCUSSION
We were able to develop a robust and consistent surgical model of murine subacromial impingement that can be used for future studies in tendinopathy. Our study specimens demonstrated a consistent and sustained response to impingement-related tendon damage, evidenced by decreased biomechanical tissue integrity, increased histology scores for tendinopathy, and increased genetic expression of developmental, tissue turnover, and inflammatory markers.
These results are consistent with other animal models of subacromial impingement. In 1996, Soslowsky et al. 16 demonstrated a method of wrapping allograft Achilles tendon around the acromioclavicular arch to induce anatomic compression of the supraspinatus tendon in rats, thereby circumventing the issue of foreign-body responses while still inducing impingement of the rotator cuff. In this study, semiquantitative histologic evaluation demonstrated persistent and marked changes in tendon tissue architecture after a period of 4-8 weeks post-induction of impingement. Further evidence included increased cellularity, fibroblast accumulation, and decreased collagen organization. These prior findings parallel the observations made in our murine model of subacromial impingement. In contrast to the 1996 study, our model simulates bony impingement rather than soft tissue impingement. Moreover, by simplifying the surgical protocol and by using mice over rats, our surgery model can be more easily performed, is more economical, and establishes baseline data for future studies using genetically modified animals. While no direct comparisons have been made between these two surgical methods, it is likely that rigid body (metallic surgical clip)-induced impingement may cause more severe tendinopathy than soft tissue-induced impingement seen in the rat model due to increased mechanical wear at the metal-tendon interface.
A further benefit of the surgical impingement mouse model for rotator cuff tendinopathy is the creation of consistent disease in the affected rotator cuff tendon. In our (unpublished) pilot experiments on mouse tendon blunt injury and collagenase tendinopathy models, we found a remarkable ability for the mouse tendon to undergo healing, leading to resolution of the damage incurred from the initial injury. Chemical and direct injury methods also represent artificial means of causing tendon injury that do not mimic the clinical situation. We have also not been able to demonstrate consistent histological tendinopathic changes in a treadmill running pilot study whereby eight mice underwent intensive treadmill running for 4 h per day for 6 weeks, which demonstrates a remarkable resilience to overuse injury in mouse tendon. Surgical clip impingement would create constant damage to the impinged tendon creating a consistent milieu for aberrant healing, which we believe is a more robust model for tendinopathy than existing models using chemical or blunt tendon injury. 14 Gene expression analysis provided confirmation that increased expression of tissue turnover and developmental markers in impinged tendons persisted for at least 6 weeks after surgery. Histologic and biomechanical evidence suggested that tendinopathic changes continued to occur over this period of time. Due to the primary-tissue nature of the qPCR performed, high variability of gene expression levels was expected, resulting in lack of statistical significance between impingement groups and control. This variability may also explain aberrant gene expression levels in some control groups. While qPCR in this study provides an overall snapshot of gene expression changes in the impinged tendon, more in-depth analysis could be performed using in-situ hybridization, single-cell qPCR, or RNA sequencing (RNA-Seq).
We found a sustained increase in cellularity in the impinged tissue as compared to control up to the final time point of 6 weeks. Clinically, tendinopathy is often broadly subcategorized into tendinitis, representing a form of acute tendon inflammation EVALUATING THE ROLE OF SUBACROMIAL IMPINGEMENT characterized by inflammatory cells in the paratenon, and the more clinically relevant tendinosis, characterized by "angiofibroblastic hyperplasia" which includes increased cellularity, angiogenesis, increased mucoid deposition, and disorganized collagen. 22 Tendinopathy created in this study, though harboring some hallmarks of tendinosis, is more akin to acute tendinitis given the sustained inflammatory picture Figure 6 . Subacromial impingement causes persistent gene expression changes in tendon tissue. Quantitative polymerase chain reaction (qPCR) gene expression analysis of impinged tendon tissue (black trend line) versus sham control (gray circles) and 42-day no-surgery incage control (Control; black triangles) at pre-determined time points shows upregulation of all tested genes over the 6-week study period. Due to the whole-tissue nature of this assay, and being performed on scarred and inflamed tissue, only generalized conclusions should be made using this data. Expression reported as relative expression to GAPDH housekeeper (DCT) over time in days. Col, collagen; FABP4, fatty acid binding protein 4; MHX, Mohawk; MMP, matrix metalloproteinase; RUNX2, runt-related transcription factor 2; SCX, scleraxis; SOX, sexdetermining region box; TNMD, tenomodulin. Error bars depict standard error. Tests of significance were performed using two-way ANOVA with Sidak multiple comparison analysis for comparisons between impingement and sham groups, and Student's t-test with Holm-Sidak multiple comparison analysis for comparisons between impingement and in-cage control groups. †, p < 0.05 versus sham, and ‡, p < 0.05 versus in-cage control.
Ã , impingement versus sham group comparison ANOVA p < 0.05. Error bars depict SEM.
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of the histology and qPCR results. Furthermore, the impingement model presented here likely causes more severe and acute tendon injury compared to that seen in clinical tendinopathy due to the metal-on-tendon impingement. A longer time point follow-up would be appropriate to identify if chronic tendinosis can be produced using this animal model and will be pursued in future studies.
It is important to note that surgical experience is required for performing the impingement surgery correctly and consistently. In our experience, the learning curve is at least 20 repetitions performed over multiple spaced sessions, in addition to familiarity with mouse shoulder anatomy, microsurgical instruments, and suturing. It is advisable for the primary surgeon to become familiar with mouse shoulder bony, tendinous, and muscular structures by careful dissection studies prior to using this mouse model for scientific study. We found great value in reviewing mouse shoulder bone geometry using fresh specimens stripped of soft tissue using bleach. Moreover, correct placement of the surgical clip is crucial, and care must be taken to prevent injury to the rotator cuff tendons during passage of the suture/clip passage. Early on, we experienced a few instances of clip migration, primarily laterally, that required exclusion of a few specimens from analysis. To assess clip position at any time point, Faxitron radiography is a valuable tool. Any study should also account for surgical failures and inherent variability in findings, as demonstrated in this study, in a priori sample size calculations. Surgical failures in this study, after initial pilot testing and extensive surgical practice, was estimated at less than 5%. Many investigators will add þ10% to the calculated sample size coverage from the power analysis to account for unavoidable difficulty in histologic sectioning, qPCR sample preparation, and biomechanical specimen dissection.
Limitations exist in this study. It is important to recognize that the location of tendon injury seen in this study is primarily mid-substance, rather than insertional as seen in clinical supraspinatus tendinopathy in humans. However, subacromial impingement does lead to changes in the rotator cuff tendon midsubstance as well as the insertion site. We believe that this impingement model improves on existing animal tendinopathy models that rely on chemical or surgical means of inducing direct damage to the tendon. Direct comparisons of different small animal tendinopathy models must be performed prior to any conclusions regarding representativeness of the models to the human condition.
Another limitation relates to the interpretation of the gene expression profiles. Although we found increased expression of genes involved in tissue repair, we are unable to determine the specific cell types responsible for gene expression due to the complex composition of infiltrating cells and resident cells in the tendon. Variations in cell composition alone can create substantial variation in gene expression profiles. While sensitive for global changes in gene expression, whole-tissue qPCR lacks the specificity required for delineating the cell-to-cell differences in gene expression needed for understanding molecular changes in tendinopathy. As a result, we hesitate to make any additional conclusions regarding transcriptional regulation beyond those described. Further analysis using in-situ hybridization, single-cell qPCR, or RNA-Seq would provide more detailed insight.
In conclusion, while this mouse subacromial impingement model cannot completely replicate natural causes of rotator cuff tendinopathy, a disease process which is poorly defined in exact biological and biomechanical mechanisms, our findings confirm the development of signs of tendinopathy in a simple animal model of subacromial impingement. In our mouse specimens, we identified consistent and sustained histologic, biomechanical, and gene expression changes that are consistent with findings in human tendinopathy. This model will allow future studies using transgenic animals to further evaluate the underlying cellular and molecular mechanisms of tendinopathy, as well as evaluation of novel therapeutic approaches for treatment of this common problem.
